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C.S. Bartholomew. Overtopped, Volunteer, 30 to 40-yr-old Sugar Maple Saplings Responded to 
Unplanned Release Events in an Even-Aged, Maturing Sugar Maple/Northern Red Oak 





Sugar maple (Acer saccharum Marsh.) is an important component of northern hardwood forests. 
Its life history characteristics allow seedlings and saplings to readily develop as advance 
regeneration. Within a population of overtopped sugar maple saplings in Central New York, 40 
were randomly sampled and stem analysis used to describe diameter growth. Saplings averaged 
57-yrs-old, ranging from 30 to 87-yrs-old when sampled in 2017/18. The response of cross-
sectional growth rate to disturbance was assessed. Analysis of variance was used to test 
significant difference in growth rates relative to time of disturbance. Saplings closer to a 
disturbance internal to the plot were observed to have several years of increased rates of radial 
growth (p=0.0195). Overall, saplings were responsive to release, the most responsive in growth 
had round-ovoid crown shapes, as compared to saplings with flat crowns. Crown shape is 
apparently related to sugar maple sapling vigor and may be of use as a nondestructive measure 
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Silvicultural reproduction methods for northern hardwoods have been developed principally to 
promote desirable advance regeneration, i.e., abundant, well-distributed seedlings or saplings 
that develop or are present in the understory (Helms 1998). Depending on landowner objectives 
and stand conditions, silvicultural methods are tailored for either even-aged or uneven-aged 
stands to regenerate and manage a new cohort of trees (Nyland 2016). Advance regeneration in 
even-aged stands commonly develops via shelterwood method (Hawley 1921, Morash and 
Freedman 1983), while uneven-aged stands are commonly treated to develop advance 
regeneration via selection system (Forget et al. 2007, Baral et al. 2016). Both systems require 
intentional management for advance regeneration, which is foundational in achieving forest 
sustainability (Finley et al. 2007). 
There are two types of advance regeneration: seedlings and saplings. Seedlings are most 
commonly seen as the only type of advance regeneration (Marquis et al. 1992), but saplings, and 
on fewer occasions poles, can be desirable advance regeneration too. Management best practices 
usually recommend the removal of undesirable advance regeneration, and even if they are 
preferred species, as they may be deemed undesirable due to poor character and vigor (Marquis 
et al. 1992). Shade tolerant species such as eastern hemlock (Tsuga canadensis L.), American 
beech (Fagus grandifolia Ehrh.) and sugar maple (Acer saccharum Marsh.) 3 to 10 inches (7.6 to 
25.4 cm) diameter at breast height (dbh) that have “moderately good crowns and clean straight 
boles…” can be considered as acceptable (Marquis and Bjorkbom 1982) for the next stand for 
both sawtimber production and future seed source.  
Sugar maple is commonly desired as advance regeneration and readily develops in both 




2009, Shirer and Zimmerman 2010). Life history characteristics allow sugar maple to establish 
and build up within forest understories through ample seed production and dispersal, broad 
regeneration niche, and high degree of shade tolerance (Burns and Honkala 1990, Hardin et al. 
2001). Seedlings to pole-sized trees can persist in subordinate canopy positions for years until 
released by some disturbance (Canham 1989; Frelich and Lorimer 1991, Frelich 2002, Hofmeyer 
et al. 2010). Even-aged systems generally consist of a single overstory cohort of trees, and as 
they approach maturity advance regeneration either is developing or has developed, and a 
shelterwood method may be used to create, temper and release the new cohort of advance 
regeneration (Nyland 2016). In uneven-aged systems, selection cutting occurs on a more frequent 
basis to perpetually regenerate, tend and harvest the system (Nyland 1986, 2016).  
In even-aged systems, sugar maple advance regeneration may establish early in stand 
development in response to disturbance (Yanai et al. 1997). If this sugar maple regeneration 
develops too soon, it may transition from being oppressed to suppressed, i.e., a degree of not 
being responsive to release when the overstory is removed (Nyland 2016), possibly becoming a 
problem as an agent of interference. Ability to respond after being overtopped for extended 
periods of time has been studied in relation to shade tolerance in several northern hardwood 
species (Frelich and Lorimer 1991, Canham et al. 1995, Hofmeyer et al. 2010) providing 
empirical understanding for duration trees spend overtopped before reaching the main crown 
canopy. Sugar maple saplings have been observed to respond to release events, becoming part of 
the main crown canopy at ages greater than 100-years-old (Canham 1985). Crown shape of sugar 
maple saplings has been observed to be an important factor in ability to respond and growth i.e., 
taller fuller crowns have higher growth rates than smaller and flatter crowns (Messier and 




preferred age or crown shape related to responsiveness, then managers could assess stocking of 
desirable regeneration (saplings) in more empirically assured ways. 
Old, volunteer sugar maple saplings in a previously tended sugar maple/northern red oak 
(Quercus rubra L.) plantation were observed in the current study for responsiveness to a natural 
disturbance in the northern half of the plot noted and recorded by Matthew Annabel (Figure 1). 
The plantation was established in 1914 and periodically thinned (last thinning in 1966) (Prichard 
1941). A contemporaneous cohort of sugar maple advance regeneration became established in 
the 1950s-1960s and has persisted to the present. This thesis addresses the following questions: 
(1) Did 30- to 40 yr-old overtopped sugar maple saplings respond to a natural opening 
disturbance event? (2) How is radial growth of overtopped sugar maple saplings related to crown 
shape? The results of this study provide forest managers with recommendations for a forest stand 
condition that is frequently undervalued. Saplings are generally removed at time of harvest in 
even-aged stands as recommended by best management practices, with few exceptions. Simple 
crown shape estimations of sugar maple saplings were related to growth and can be used as an 
indicator by practitioners to more accurately assess sapling vigor and health, to define acceptable 
advance regeneration. Stem analysis was used to determine if oppressed sugar maple saplings 
responded to release. Additionally, regressions were fit to relate cross sectional growth with 
crown shape to empirically determine minimum recommendations for a good crown, i.e., traits 
for acceptable advance saplings. 
Methods 
Study Site 
 Established in 1912, the Lafayette Road Field Experiment Station (LFES) was converted 




hardwood species (Prichard 1941). Plot E2E4 (historically referred to as “Block E2 and E4”, see 
Prichard 1941) was the site for this study and were located in an area that had a 
cropping/plowing land use history. Located in central New York (Figure 2), the LFES is on the 
Northern Glaciated Allegheny Plateau (Bailey 2016), at 4259’24” N 7607’54” W and is 725 ft 
(221m) in elevation. Annual precipitation average between 38 and 42 in (96.5 to 106.7 cm), 
mean annual temperature from 45 to 48 F (7.2 to 8.8 C), and the frost-free period range 
average between 110 to 190 days. Soils on plot E2E4 are Wassaic silt loam, 0-15 percent slope. 
Parent material is loamy till derived mainly from limestone, with varied amounts of sandstone, 
shale, and crystalline rock (Web Soil Survey 2018). 
Plantations of various species, structure and density surround plot E2E4, each with its 
own unique management and disturbance history (Figure 3). To the north of plot E2E4, a 
planting of Scots pine (Pinus sylvestris L.) and Japanese larch (Larix kaempferi Lamb.) on plot 
16 was established in 1924. South of plot E2E4, a plantation of Scots pine was planted on plot D 
in 1914. Both of these conifer plantations declined during the early 1990s, and salvage cuts were 
implemented to remove nearly all of the trees (C. Nowak, personal communication). In spring 
2018, ring counts were conducted on 5 persisting stumps on plot D to confirm that trees were 
salvaged in the early 1990s (Table 1). Average age for the 5 Scots pine were calculated to be 79-
yrs at time of mortality, indicating that mortality occurred in the early 1990s. West of plot E2E4, 
on plot E1E3, a mixture of sugar maple, northern red oak, black walnut (Juglans nigra L.), green 
ash (Fraxinus pennsylvanica Marsh.), and black cherry (Prunus serotina Ehrh.) were planted in 
1914. This plot was most recently disturbed with a shelterwood seed cut in 2009, cut down to 
50% relative stand density. East of plot E2E4, Norway spruce (Picea abies L.) were planted on 




Sugar maple and northern red oak were alternately planted at 6 x 6 ft (1.8 x 1.8 m) 
spacing in 1914 across plot E2E4. In total, the area of the plot is 54 x 200 ft (16.5 x 61.0 m). Of 
the 297 trees planted, 38 were alive in 2017. Planted trees were numbered, marked with 
aluminum tags, and periodically measured for dbh (4.5 ft (1.4 m) above groundline), including in 
1966, 1999 and 2017. Plot E2E4 was tended five times starting in 1939 with a final thinning 
(likely a crown thinning to ~60 percent relative stand density) in 1966 (Table 2).  
In the mid-1990s, a natural disturbance event caused an opening to occur in the main 
crown canopy of the northern half of plot E2E4 (C. Nowak, personal observation circa 1998; 
personal communication), resulting in ~4 main crown canopy trees dying. Using ArcGIS version 
10.5 (ESRI, Redlands, California, USA), the area of the opening was observed to have decreased 
from 881 ft2 (81.8 m2) to 414 ft2 (38.5 m2) between 1999 and 2017 respectively (Figure 4).  
Data Collection 
Plantation conditions were described in 1966, 1999 and 2017 based on 100% inventory of 
planted trees. Dbh in inches was measured each year (during the fall with calipers in 1999 and 
2017, unknown season and method in 1966) and crown class described in 1999 and 2017 (Kraft 
crown classes; Nyland 2016). Crown maps were made in 1999 (Annabel 1999) (Figure 1) and 
2017 (Figure 5). 
All volunteer sugar maple saplings were spatially mapped by recreating the original 6 x 6 
ft planting grid as reference points. Surviving plantation trees were used as ground truth markers 
(Figure 6). Dbh of all 164 volunteer sugar maple saplings were measured to the nearest tenth of 
an inch using steel tapes in January 2018. Thirty volunteer sugar maple saplings were selected 
using stratified random sampling for destructive sampling, 15 each from the north and south 




of a foot using a fiberglass tape. Saplings were then felled in January 2018, and stem discs were 
collected at 1in (2.54 cm) above ground level for stem analysis. Total height and live crown 
lengths were measured using a fiberglass tape to the nearest tenth of a foot. Crown volume was 
calculated by assuming crowns were spheroid in shape and used the equation 













 where x1 and x2 crown width measurements that are perpendicular and y crown length. 
Additionally, crown measurements were used to calculate crown index 
𝑐𝑟𝑜𝑤𝑛 𝑖𝑛𝑑𝑒𝑥 =  
𝑦
(𝑥1 + 𝑥2) 2⁄
 
where variables are as described as above (Figure 7) (Table 3). Initial analysis of the 30 sugar 
maple sapling’s relationship between radial growth and crown index indicated a potential 
threshold may exist i.e., radial growth of saplings with a crown index greater than 1 is 
significantly lower than saplings with a crown index less than or equal to 1. The randomly 
selected sample contained few saplings with flat-topped shaped crowns, therefore in July 2018, 
16 additional saplings were sampled based upon crown shape, 12 with flat-topped crowns and 4 
with ovoid crowns (Table 4). Addition of the 16 saplings allowed a more equal representation of 
crown shapes for the threshold analysis. 
 To account for influence of external forest conditions, six circular 1/5-acre (0.08 hectare) 
survey plots were installed in adjacent plots around plot E2E4 to determine basic stand 
conditions: trees per acre, basal area per acre, quadratic stand diameter, and relative stand density 
(Gingrich 1964, McGill et al. 1999, Halligan and Nyland 1999, Twery et al. 2011). Aligned to 
the center on the north and south boundaries of plot E2E4, single circular survey plots were 




spaced on each the east and west sides of plot E2E4, at a distance of 1 chain from the boundary 
(Figure 8). All trees greater than 3 inches (7.62 cm) dbh were measured for diameter to the 
nearest tenth of an inch using a steel tape.  
Laboratory Methods 
All discs were air dried and sanded with 600 grit sand paper. Discs were scanned at 4800 
DPI, and images imported and analyzed with CDendro and CooRecorder software (version 7.6 
Cybis Dendrochronology) for radial growth measurements. Annual radial growth was measured 
on each disc along two radii. Due to the discs being asymmetric, the initial radius was selected 
randomly, and the second radius was measured clockwise 90 degrees from the first. Each of the 2 
radii measurement counts were conducted three times to improve accuracy. Surface area was 
calculated for each of the 2 radii and then averaged together to determine each sapling’s total 
surface area and annual growth in square inches. 
Cross sectional growth was averaged in 3, 5, 7 and 9-yr increment to reduce error, i.e., 
false growth rings, missing rings or counting error. Each multi-year increment produced the 
same trends in growth. The 5-yr increment (average annual growth) was used for further analysis 
to mimic stem analysis methods used in similar studies (Lorimer and Frelich 1989, Canham et al. 
1995, Fraver and White 2005) (Figure 9).  
Data Analyses 
From the sample population (n=46), 6 saplings were determined to be outliers due to 
being significantly larger than the rest of the sampled population in respect to surface area (in2) 
of the sample disc and crown volume (ft3) (Figures 10 and 11). These saplings were removed for 
further analyses (Table 5). 




This data was analyzed using a repeated measures approach therefore PROC MIXED in 
SAS 9.4 (SAS Institute, Cary NC) was used to test multiple fixed effects, specifically: age of 
individual at each observation, distance to the center of the opening in the north half of plot 
E2E4 (ft), distance to the west boundary of plot E2E4 (ft), period (year), and initial cross-
sectional area (in2) at each observation. The number of time periods used to capture the effect of 
the opening on growth in this analysis was 35 (1980-2014). A full model that included all main 
effects and all two-way interactions (15 terms total) was used to focus on the interaction between 
period (time) and sapling distance from the opening, therefore all other 14 variables were 
considered nuisance variables.  
Regression Analysis 
Crown shape effects on radial growth were tested by relating cross-sectional area growth 
to crown index. Crown shape was described by using crown index as follows: < 0.75 = ovoid 
crown; 0.75 to 1.25 = round crown; and > 1.25 = flat crown (Figure 12). Since crown 
measurements were only recorded in 2017/18, analysis relating growth to crown ratio was only 
conducted using the most recent 5-yr growth period. A power function model was used to relate 
growth to crown shape:  
y = Axe 
where y = cross-sectional area growth (in2), A = 0.0634, x = crown index, and e = -0.503 (Figure 
13).  
Results 
Population and Sample Descriptions 
 Relative density of the overstory on plot E2E4 was 104 percent (McGill et al. 1999) with 




Sugar maple saplings averaged 1.4 inches (3.56 cm) dbh, ranging from 0.5 to 4.0 inches (1.27 to 
10.16 cm) (N=164). Sampled sugar maple saplings (n=40) averaged 1.3 inches (3.30 cm) at 1 
inch (2.54 cm) above ground line, ranging from 0.4 to 2.4 inches (1.02 to 6.10 cm). Crown 
length averaged 9.3 feet (2.8 m), ranging from 1.9 to 20.5 feet (0.5 to 6.2 m) while crown 
volume averaged 361.7ft3 (10.2 m2), ranging from 14.4 to 1250.9ft3 (0.4 to 35.4 m2). Crown 
index averaged 1.2, ranging from 0.4 to 2.7, and annual cross-sectional growth in 2014 averaged 
0.081in2 (0.522 cm2), ranging from 0.013 to 0.257in2 (0.084 to 1.658 cm2) (Table 5). 
Growth of Individual Trees Over Time 
Addressing the first question stated in this thesis I observed that 30- to 40 yr-old 
overtopped sugar maple saplings did respond to the natural opening disturbance. A statistically 
significant distance to opening by period interaction was observed (Table 6), indicating that 
sugar maple growth did change over time, and the beginning and duration of increased growth is 
coincident to the creation of the natural opening. Tree growth was not related to distance to 
opening in 1980-85 (periods 1-6) and 2000-14 (periods 22-35) (Table 7 and Figure 13). Growth 
of sugar maple saplings were higher near the opening starting in 1986, with this increased growth 
persisting for 15 years. In this period of responsiveness, growth averaged 0.000258in2 compared 
to 0.000163in2 before and 0.000170in2 after the period of release of radial growth per foot. This 
near 2-fold increase in growth rate can be attributed to the natural opening and indicates that 
older (30- to 40-yr-old), overtopped, advanced sugar maple sapling-size regeneration can 
respond to release.  
Growth Related to Crown Shape   
Addressing the second question in this thesis, I found that radial growth is related to 




shaped crowns) averaged 0.101in2  (0.652 cm2), ranging from 0.025 to 0.257in2 (0.161 to 
1.658cm2) (n=16), saplings with a crown index ranging from 0.76 to 1.25in2 (round shaped 
crowns) averaged 0.089in2  (0.574 cm2), ranging from 0.027 to 0.250in2 (0.174 to 1.613 cm2) 
(n=11), while saplings with a crown index > 1.25 (flat-topped shaped crowns) averaged 0.050in2 
(0.322 cm2), ranging from 0.013 to 0.139in2 (0.084 to 0.897cm2) (n=13). Statistically significant 
linear relation shapes were observed for radial growth and crown volume (Figure 15) as well as 
crown volume and crown length (Figure 16).  
Discussion and Conclusions 
 Individual growth of sugar maple saplings was shown to vary across the plot with a 
statistically significant opening by period interaction effect. Growth rates were observed to be 
statistically higher as saplings were closer to the opening for 15 years starting in 1986. The 
literature supports these findings as sugar maple growth response to release is expected to lag a 
few years as crowns change in response to increased light, and then last only 5-10-yrs as the 
effect of the disturbance diminish. Canham (1985) observed suppression and release of 
overtopped sugar maple saplings in the Adirondacks and found that episodes of release averaged 
11.5, 14.6 and 24.0 years across 3 different sites. Similarly, overtopped sugar maple saplings 
were observed for response to various partial cut treatments in Quebec, Canada, by Bannon et al. 
(2015) and Nolet et al. (2015). Both studies reported an increase in sugar maple radial growth 
post treatment lasting for about ten years, with a growth rates peaking at 5 and 6 years 
respectively post treatment.   
Sugar maple saplings grew significantly faster on the east side of the plot compared to the 
west across all periods (1980-2014). This is opposite to what was expected with the 2009 




apparently occurred along the east side, notable in the map of volunteer saplings (Figure 6) (see 
lack of sapling trees along the east side of the plot). It is possible that this was a former access 
trail used to remove felled trees from the plantation. A discovery of a possible, unreported 
disturbance on the east side of the plot was a surprise, but these types of outcomes can be shown 
with stem analysis studies (Lorimer and Frelich 1989, 1991, Nowacki and Abrams 1997, Ruffner 
and Abrams 1998, Fraver and White 2004).  
 Linear regressions of growth and crown shape help to explain some of the variation that 
occurred among sapling’s crown index. A positive linear relationship was observed between 
growth and crown volume (R2 = 0.6652), implying that saplings with larger crown volumes 
regardless of shape will generally have greater rates of radial growth. Additionally, the 
relationship between crown volume and crown length was also positive linear (R2=0.7784), 
indicating that larger volume crowns are larger in length i.e., not flat topped. Saplings with a 
lower crown index had crowns of larger volume and length than saplings with a high crown 
index. Therefore, it was not surprising to see that saplings with the highest rates of radial growth 
were those that had long-high volume crowns (King 1986).  
In a similar study Canham (1984) reported differences in radial growth of overtopped 
sugar maple saplings beneath closed canopies and canopies with small openings similar in size to 
what was observed in this study. Saplings beneath closed canopies ranged from 0.002-0.020 in/yr 
(0.05-0.51 mm/yr), while sugar maple saplings even in small canopy openings 161-807 ft2 (15-
75 m2) ranged from 0.02-0.04 in/yr (0.45-1.01 mm/yr). The opening on plot E2E4 was first 
recorded at 818ft2 in 1999 and shrank to 414ft2 in 2017, in the final year of measured radial 
growth, sugar maple saplings across the whole plot averaged 0.018in/yr (0.048cm/yr), similar to 




Canham et al. (1995) observed ten northern hardwood species, that as annual radial 
growth (positively correlated to light availability) is decreased, a sapling’s probability of 
mortality increased, with few notable exceptions. Eastern hemlock and American beech showed 
little to no difference in change of probability mortality as growth decreased. Sugar maple on 
calcareous soils showed little to no change in probability of mortality as radial growth decreased 
as compared to Great Mountain Forest and Michigan sites. While all species except as noted, 
follow similar patterns of growth and mortality, the more shade tolerant species (eastern 
hemlock, American beech and sugar maple) had consistently lower rates of mortality than shade 
intolerant species. Canham estimated probability of mortality using the equation:  
m(g) = P(mortality|growth) = Ae-Bg 
where: 0 < A < 1 and B > 0, where m(g) is the probability of mortality given growth, and g is 
recent growth history. The parameters A and B are estimated for each species (Canham et al 1995 
p. 521). This equation was applied to the sugar maple sapling population at LFES using 
parameters for the calcareous site. When plotted, saplings were divided into two categories; 
saplings with a crown ratio ≤ 1 and > 1 (Figure 17). Apparently, even on calcareous sites where 
probability of mortality rates are low, saplings with a high crown index in general still have 
higher rates of mortality than saplings with low crown ratios.  
Similar to this study, Messier and Nikinmaa (2000) investigated height distribution (total 
sapling height) and growth among sugar maple, yellow birch and American beech within two 
light conditions; low light environment 0-10%, and a high light environment 11-42% 
photosynthetic photon flux density. An explanation for such little vertical growth of sugar maple 
can be related to its life history characteristics. Messier et al. (1999) hypothesized that shade 




vertical growth is added, allowing these species to survive until the next canopy disturbance. 
Strategies of persisting for long periods of time in the understory waiting for light conditions to 
improve were also observed to be related to sapling tree form and crown shape among Acer 
species (Sakai 1986, Kohyama 1987, Bonser and Aarssen 1994, Ackerly and Donoghue 1998).  
While the literature does corroborate the results of this study, there are limitations that 
may be improved upon in future research regarding study design and environmental 
measurements. My results reflect the responses of a single sugar maple sapling population, and 
therefore replication of similar studies would improve understanding of sugar maple sapling 
responsiveness to release across different environmental conditions. Observations of this study 
took place in a single year. Incorporating periodic inventory over multiple years would allow for 
changes of crown shape to be recorded, and better understand how radial stem growth rates 
fluctuate as crown index changes during periods of suppression and release. Additionally, 
collecting data on environmental elements such as soils, weather and light availability would also 
improve understanding of complexities affecting understory sapling responsiveness. 
 Old sugar maple saplings in an even-aged stand responded to release events; therefore, 
some old sugar maple saplings have the potential to be considered as acceptable advance 
regeneration. Sugar maple with the highest rates of growth are observed to have crowns ovoid in 
shape (Smith and Gibbs 1970, Tucker et al. 1993, Nowak 1995). I observed saplings with low 
crown index (ovoid shape) had radial growth rates 2 times higher than saplings with high crown 
index (flat-topped shape). Additionally, sugar maple saplings with a low crown index were also 
observed to have the largest crowns both in volume and length. Individuals with good crowns are 
observed to be of good vigor, therefore management practitioners can used crown ratios as a 
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Rings observed  
Count 1 Count 2 Count 3 ?̅? 
1 81 82 84 82.3 
2 76 76 77 76.3 
3 77 78 78 77.7 
4 76 78 78 77.3 





Table 2. Overstory stand statistics of plot E2E4 (historic data included) and all adjacent 
plots at the Lafayette Field Experiment Station. 
 
  Plot 
E2E4 














Year of inventory 1966 1999 2017 2018 2018 2018 2018 2018 2018 
Trees/acre 292 160 152 80 30 25 130 130 165 
Basal area/acre 
(sq. ft.) 
69 109 142 36 64 80 91 155 188 
Quadratic stand 
diameter (in.) 
6.6 11.2 13.1 9 19.8 24.2 11.3 14.8 14.4 
Relative stand 
density (NED) 
62 88 113 21 57 73 66 - - 
Relative stand 
density (Gingrich) 
59 85 109 - - - - - - 
Relative stand 
density (McGill) 
63 82 104 - - - - - - 
Relative stand 
density (Nyland) 
- - - - - - - 62 75 
 
Note: Plot E2E4 overstory statistics are calculated from a 100% inventory on a 1/4-acre 
plantation. Plot 16, plot E1E3, plot D and plot BC statistics area calculated from 1/5-acre circular 
plot inventory. Relative stand density equations are derived from NED-2 Handbook (Twery 





Table 3. Statistics of initial sugar maple saplings sampled on plot E2E4 at Lafayette Field 
Experiment Station (n=30). 
 
Variable Min Max Mean Median Std Error 
Age 41 103 62.7 62.5 2.52 
Diameter 1 in above ground level (in) 0.7 5.2 1.8 1.6 0.20 
Total height (ft) 9.8 41.3 20.2 20.0 1.35 
Average crown width (ft) 3.3 18 9.2 8.3 0.65 
Crown length (ft) 4.3 29.0 13.4 11.3 1.11 
Crown volume (ft3) 38.5 4932.1 857.1 445.1 203.67 
Crown index 0.4 1.5 0.8 0.7 0.04 
Distance to the opening (ft) 12.1 153.6 73.1 55.7 9.43 
Distance to the west boundary (ft) 3.0 49.9 27.4 26.5 2.56 
Cross sectional growth (in2)* 0.025 0.732 0.146 0.086 0.031 
 
*Note that the value for cross sectional growth is averaged across 5-yrs with the midpoint 




Table 4. Statistics of additional sugar maple saplings sampled on plot E2E4 at Lafayette 
Field Experiment Station (n=16). 
 
Variable Min Max Mean Median Std Error 
Age 30 77 54.1 54.5 3.34 
Diameter 1 in above ground level (in) 0.4 1.7 0.7 0.6 0.09 
Total height (ft) 5.6 37.7 14.0 10.7 2.13 
Average crown width (ft) 3.8 17.3 8.6 8.3 0.80 
Crown length (ft) 1.9 27.0 7.3 3.8 1.95 
Crown volume (ft3) 14.4 4194.9 517.7 142.9 265.47 
Crown index 0.5 2.7 1.8 2.1 0.19 
Distance to the opening (ft) 19.6 131.0 62.5 51.3 9.54 
Distance to the west boundary (ft) 3.6 53.8 26.5 23.9 4.45 
Cross sectional growth (in2)* 0.013 0.605 0.094 0.055 0.035 
 
*Note that the value for cross sectional growth is averaged across 5-yrs with the midpoint 





Table 5. Statistics of analyzed sugar maple saplings on plot E2E4 at the Lafayette Field 
Experiment Station (n=40). 
 
Variable Min Max Mean Median Std Error 
Age 30 87 57 56 1.94 
Diameter 1 in above ground level (in) 0.4 2.4 1.3 1.3 0.07 
Total height (ft) 5.6 25.9 15.7 15.0 0.90 
Average crown width (ft) 3.3 11.4 8.0 7.9 0.32 
Crown length (ft) 1.9 20.5 9.3 9.2 0.85 
Crown volume (ft3) 14.4 1250.9 361.7 285.2 49.89 
Crown index 0.4 2.7 1.2 1.0 0.11 
Distance to the opening (ft) 12.1 153.6 71.8 55.8 7.59 
Distance to the west boundary (ft) 3.0 52.4 26.4 24.9 2.38 
Cross sectional growth (in2)* 0.013 0.257 0.081 0.058 0.010 
 
*Note that the value for cross sectional growth is averaged across 5-yrs with the midpoint 





Table 6. Fixed effects of the full model. List of terms included: age, distance to the opening 
in feet (dop), distance to the west boundary in feet (dwe), period (per), and inside bark 
surface area of sapling at 1 inch above ground line in square inches (sfa2). P-values with * 
are statistically significant (=0.05). 
 
Effect Num DF Den DF Pr > F 
age 1 1172 0.1228 
dop 1 37 0.1597 
dwe 1 37 0.7350 
per 35 1172 0.9923 
sfa2 1 1172 <0.0001* 
age*dop 1 1172 0.3665 
age*dwe 1 1172 0.8859 
age*per 34 1172 0.4498 
age*sfa2 1 1172 0.0265* 
dop*dwe 1 37 0.2062 
dop*per 34 1172 0.0195* 
dop*sfa2 1 1172 0.9823 
dwe*per 34 1172 0.9816 
dwe*sfa2 1 1172 0.0011* 






Table 7. Slope estimates relating growth to distance to the opeing across period. P-values 




Per year Estimate 
Standard 
Error 
Pr > |t| 
1 1980 -0.1457 0.1179 0.2168 
2 1981 -0.148 0.1198 0.2168 
3 1982 -0.1484 0.1216 0.2226 
4 1983 -0.1647 0.1235 0.1826 
5 1984 -0.1781 0.1254 0.1556 
6 1985 -0.1927 0.1272 0.1301 
7 1986 -0.2212 0.129 0.0866* 
8 1987 -0.2357 0.1307 0.0716* 
9 1988 -0.2473 0.1325 0.0622* 
10 1989 -0.2562 0.1342 0.0565* 
11 1990 -0.2562 0.136 0.0599* 
12 1991 -0.2503 0.1382 0.0704* 
13 1992 -0.2692 0.1404 0.0555* 
14 1993 -0.2567 0.1427 0.0722* 
15 1994 -0.2556 0.145 0.0782* 
16 1995 -0.2634 0.1472 0.0739* 
17 1996 -0.2831 0.1495 0.0585* 
18 1997 -0.2547 0.1519 0.0938* 
19 1998 -0.276 0.1542 0.0737* 
20 1999 -0.2728 0.1566 0.0816* 
21 2000 -0.2731 0.159 0.0861* 
22 2001 -0.2571 0.1614 0.1114 
23 2002 -0.2662 0.1638 0.1044 
24 2003 -0.2607 0.1663 0.1173 
25 2004 -0.2448 0.1688 0.1473 
26 2005 -0.1743 0.1713 0.309 
27 2006 -0.1778 0.1738 0.3065 
28 2007 -0.1956 0.1763 0.2673 
29 2008 -0.1706 0.1788 0.3403 
30 2009 -0.05677 0.1814 0.7543 
31 2010 -0.1319 0.184 0.4737 
32 2011 -0.1167 0.1866 0.5319 
33 2012 -0.06655 0.1893 0.7253 
34 2013 -0.08493 0.1921 0.6585 





Figure 1. Crown map of plantation trees on plot E2E4 at the Lafayette Field Experiment 








Figure 2. New York State map with location of plot E2E4 at the Lafayette Field 











Figure 4. Comparison of natural opening size in 1999 and 2017 on plot E2E4 at the 




Figure 5. Crown map of plantation trees on plot E2E4 at the Lafayette Field 







Figure 6. Surviving plantation trees and volunteer sugar maple in 2017 on plot 











































Figure 8. 1/5-acre survey plots located in adjacent plots around plot E2E4 at the 












Figure 9. 5-yr increment where the midpoint year is used to represent the average of 








Figure 10. Outliers: saplings with surface area (in2) significantly greater than the 







Figure 11. Outliers: Saplings with crown volume (ft3) significantly greater than 






























Figure 12. Crown shape categorized by crown index (
𝒚
?̅?
) where y = crown length and 
























Figure 13. Slope estimates relating growth to distance to the opening across period. 
When slope estimates are equal to zero (stadard error bar crosseing at x=0) or near 
zero (standard error bars without *), there is no significant difference in sapling 
growth rates across the stand relative to distance from the opening. When slope 
estimates are negative and significantly different than zero (marked with *), then as 





























































































Figure 14. Scatter plot with a power function fit to 2014 radial growth as a function 
of crown index of sugar maple saplings on plot E2E4 at the Lafayette Field 
Experiment Station. y=0.0634x-0.503 where y = 2014 radial growth (in2) and x = 































Figure 15. Scatter plot with a linear function for 2014 radial growth and crown 
volume of sugar maple saplings on plot E2E4 at the Lafayette Field Experiment 
Station. y=0.0002x + 0.0243 where y = growth (in2 yr-1) and x = crown volume (ft3) 




























Figure 16. Scatter plot with a linear function for crown volume and crown length of 
sugar maple saplings on plot E2E4 at the Lafayette Field Experiment Station. 
y=51.545x – 118.84 where y = crown volume (ft3) and x = crown length (ft) 

































Figure 17. Comparing probability of mortailty (Canham et al. 1995) on calcareous 
soils between sugar maple saplings with a crown index of  1(solid fill) to saplings 
with a crown index > 1 (no fill) based on radial growth (in, 5-yr average) on plot 































Appendix. 1. SAS code for analysis of variance of repeated measures for sugar 




ods graphics on; 
*===full model===; 
title 'full model'; 
proc mixed data=all method=reml covtest plots=all; 
class tid per; 
model gro2 = sfa2*per per sfa2 sfa2*dwe age / noint s; 
repeated / type=ar(1) subject=tid r; 
run; 
ods graphics off; 
 
Full model.  
 
ods graphics on; 
*===full model===; 
title 'full model'; 
proc mixed data=all method=reml covtest plots=all; 
class tid per; 
model gro2 = age dgl per dwe dop age*dgl age*per age*dwe age*dop 
dgl*per dgl*dwe dgl*dop per*dwe per*dop dwe*dop / noint s; 
repeated / type=ar(1) subject=tid r; 
run; 
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